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Description 

DELIBERATE SEMICONDUCTOR FILM 
VARIATION TO COMPENSATE FOR 
RADIAL PROCESSING DIFFERENCES, 
DETERMINE OPTIMAL DEVICE 
CHARACTERISTICS, OR PRODUCE SMALL 
PRODUCTIONS 

Cross Reference to Related Applications 

[0001] This application is a divisional application of U.S. Serial 

No. 10/013,086, filed on December 7, 2001, which is di- 
visional application of U.S. Serial No. 09/523,480, filed on 
March 10, 2000, the disclosures of which are incorporated 
by reference herein in their entirety. 
Background of Invention 

[0002] TECHNICAL FIELD 

[0003] The present invention relates generally to the field of 

semiconductor manufacturing and, more specifically, to 



deliberate semiconductor film variation during semicon- 
ductor manufacturing to compensate for radial processing 
differences, determine optimal device characteristics, or 
produce small production runs. 
[0004] BACKGROUND ART 

[0005] Some semiconductor processing steps create radial differ- 
ences across the wafer. For example, when performing 
Chemical-Mechanical Polishing (CMP) of the surface of a 
semiconductor wafer, the portion of the semiconductor 
wafer towards the outer circumference of wafer will be 
ground more than the inner portion of the semiconductor 
wafer. Similarly, during a Reactive Ion Etch (RIE) of the 
gate stack, the gates formed at the outer periphery of the 
semiconductor wafer will be etched more then the gates 
formed near the center of the semiconductor wafer. Con- 
sequently, the gates at the outer periphery of the semi- 
conductor wafer will have a smaller width than the gates 
at the center of the semiconductor wafer. Both of these 
radial processing effects will cause radial differences in 
device characteristics between devices formed at the cen- 
ter of the wafer and devices formed near the outer pe- 
riphery of the wafer. 

[0006] Additionally, as the semiconductor industry progresses 



towards very large wafer sizes, there will be more waste 
during the small batches that are used to determine opti- 
mal device characteristics. For example, with large wafer 
sizes, a small company may only need to order enough 
chips to fill 20 to 50 wafers. To determine optimal device 
characteristics, several runs through the process will usu- 
ally be performed with a few wafers. Each of these wafers 
will have something modified such as gate width or com- 
position of the gate dielectric that is expected to change 
one or more device characteristics. Each of devices on the 
wafers are compared to determine which of the devices 
have the optimal device characteristics for the current ap- 
plication. However, these few wafers and the processing 
time and steps performed to complete them can be rela- 
tively expensive. 
[0007] Moreover, as the semiconductor industry converts to large 
wafer sizes, small batches of specialty chips, especially 
those made for a small chip designer, can become rela- 
tively expensive. During production runs for a small chip 
designer, it is usually unclear what device characteristics 
are appropriate for the designers chips. Consequently, 
several wafers will be run through the production line, 
with each wafer producing devices having different char- 



acteristics. The small chip designer can then choose the 
best chips to be packaged. Unfortunately, this process 
generates excessive waste, is therefore costly, and takes 
quite a bit of time. 

[0008] Therefore, without a way to reduce or eliminate radial 

processing effects, to determine optimal device character- 
istics, or to produce small batches of varied semiconduc- 
tor devices, semiconductor devices built near the center of 
the semiconductor wafer will have different characteristics 
than devices built near the periphery of the wafer, and 
there will be higher cost and more waste when performing 
prototyping to determine optimal device characteristics 
and to produce small batches of chips. 

[0009] DISCLOSURE OF INVENTION 

[0010] Accordingly, the present invention provides methods and 
apparatuses that can introduce deliberate semiconductor 
film variation during semiconductor manufacturing to 
compensate for radial processing differences, to deter- 
mine optimal device characteristics, or produce small pro- 
duction runs. One of the embodiments of the present in- 
vention radially varies the thickness and/or composition 
of a semiconductor film to compensate for a known radial 
variation in the semiconductor film that is caused by per- 



forming a subsequent semiconductor processing step on 
the semiconductor film. 

[001 1] The advantage of this embodiment of the current inven- 
tion is that the effects of the subsequent semiconductor 
processing step on the semiconductor film will be re- 
duced. This creates more consistent devices over the en- 
tire surface of wafer. Moreover, because of the consis- 
tency of the devices, the devices towards the inner portion 
of the wafer will have the same electrical characteristics as 
the devices towards the outer portion of the wafer. This 
allows designers the freedom to design tighter electrical 
tolerances of the devices. 

[0012] Additionally, the present invention provides methods and 
apparatuses that can introduce deliberate semiconductor 
film variations to determine optimal device characteristics 
or to produce small production runs of devices. Introduc- 
ing semiconductor film variations, such as thickness vari- 
ations and/or composition variations, allow different de- 
vices to be made on the same wafer. Variations in the 
semiconductor film cause variations between the devices. 
By measuring the device characteristics of devices having 
the variations, the device with the optimum device char- 
acteristic may be chosen. 



[0013] This embodiment of the present invention has the advan- 
tage that one or a few semiconductor wafers may be used 
to produce many devices having different device charac- 
teristics. Many different device characteristics may be in- 
troduced. This allows the optimal device to be selected 
among these different devices. Because so few semicon- 
ductor wafers may be used to determine the optimal de- 
vice, fewer semiconductor wafers and passes through 
processing systems will be used. 

[0014] Moreover, when producing batches of chips for a small 
chip designer, low volume Application Specific Integrated 
Circuit (ASIC) chips may be produced more cost-ef- 
fectively by reducing the number of wafers required to 
yield the desired amount of product. Each wafer can have 
multiple chips, with each row of chips having devices with 
different characteristics. This limits the amount of extra- 
neous production runs to produce the appropriate chip 
having the required characteristics. 

[0015] The foregoing and other advantages and features of the 

invention will be apparent from the following more partic- 
ular description of preferred embodiments of the inven- 
tion, as illustrated in the accompanying drawings. 
Brief Description of Drawings 



[0016] The preferred exemplary embodiment of the present in- 
vention will hereinafter be described in conjunction with 
the appended drawings, where like designations denote 
like elements, and 

[0017] FIG. 1 is a preferred method for reducing the radial effects 
of the semiconductor processing step in accordance with 
a preferred embodiment of the present invention; 

[0018] FIG. 2 is a preferred method for determining the optimal 
device characteristics of a semiconductor device in accor- 
dance with a preferred embodiment of the present inven- 
tion; 

[0019] FIG. 3 is a preferred Jet Vapor Deposition (JVD) tool for 
determining the optimal device characteristics of the 
semiconductor device in accordance with a preferred em- 
bodiment of the present invention; 

[0020] FIG. 4 is an example of patterns placed on a semiconduc- 
tor wafer by the JVD tool of FIG. 3; 

[0021] FIG. 5 is a preferred JVD tool for reducing the radial ef- 
fects of the semiconductor processing step in accordance 
with a preferred embodiment of the present invention; 

[0022] FIG. 6 is an example of patterns placed on a semiconduc- 
tor wafer by the JVD tool of FIG. 5; 

[0023] FIGS. 7 and 8 illustrate cross-sectional views of a semi- 



conductor wafer during a prior art method wherein the 
gate conductor stack has uneven radial etching; 

[0024] FIGS. 9, 10, and 11 illustrate cross-sectional views of a 
semiconductor wafer during a preferred method wherein 
the gate conductor stack has even radial etching due to 
radial adjustments made in accordance with preferred 
embodiments of the present invention; 

[0025] FIGS. 12 and 13 illustrate cross-sectional views of a semi- 
conductor wafer during a prior art method wherein the 
gates are disproportionate because the gate conductor 
stack has uneven radial etching; 

[0026] FIGS. 14 and 15 illustrate cross-sectional views of the 

semiconductor wafer during a preferred method, in accor- 
dance with a preferred embodiment of the present inven- 
tion, wherein the thickness of the spacer material is 
changed to reduce the radial effects of etching; 

[0027] FIG. 16 illustrates cross-sectional views of a semiconduc- 
tor wafer during a preferred method, in accordance with a 
preferred embodiment of the present invention, wherein 
the composition of gate conductor stack materials are 
changed to reduce the effects of uneven radial etching; 

[0028] FIGS. 17 and 18 illustrate cross-sectional views of a semi- 
conductor wafer during a prior art method of Chemical 



Mechanical Polishing (CMP); and 
[0029] FIGS. 19 through 22 illustrate cross-sectional views of a 

semiconductor wafer during a preferred method, in accor- 
dance with a preferred embodiment of the present inven- 
tion, that modifies thicknesses or compositions to reduce 
the radial effects of CMP. 
Detailed Description 

[0030] The preferred embodiments of the present invention 
overcome the limitations of the prior art and provide 
methods and apparatuses that can introduce deliberate 
semiconductor film variation during semiconductor man- 
ufacturing to compensate for radial processing differences 
or to determine optimal device characteristics. The 
present invention radially varies the thickness and/or 
composition of a semiconductor film to compensate for a 
known radial variation in the semiconductor film that is 
caused by performing a subsequent semiconductor pro- 
cessing step on the semiconductor film. 

[0031] For example, it is known that a gate conductor stack will 
be etched more at the outer circumference of the semi- 
conductor wafer than at an inner circumference of the 
semiconductor wafer. This causes wider gates at the inner 
circumference of the semiconductor wafer than at the 



outer circumference of the semiconductor wafer. Using 
the current invention, the thickness and/or composition 
of the gate conductor stack may be adjusted to reduce 
this known radial variation. 

[0032] As a second example, Chemical Mechanical Polishing 

(CMP) generally thins the surface near an inner radius of 
the semiconductor wafer more than the surface near an 
outer radius the semiconductor wafer. Using the current 
invention, the thickness and/or composition of the CMP 
stop or other semiconductor film may be changed to re- 
duce this known radial variation. 

[0033] Additionally, the present invention provides methods and 
apparatuses that can introduce deliberate semiconductor 
film variations to determine optimal device characteristics. 
Introducing semiconductor film variations, such as thick- 
ness variations and/or composition variations, allow dif- 
ferent devices to be made. A number of devices may be 
made having the variations in semiconductor film. Be- 
cause the semiconductor film has variations between the 
devices, device characteristics of the devices should be 
different. By measuring the device characteristics of de- 
vices having the variations, the device with the optimum 
device characteristic may be chosen, thereby indicating 



the appropriate semiconductor film thickness and/or 
composition. 

[0034] The device characteristics may be changed, for example, 
by changing the composition or thickness of the gate ox- 
ide, changing the composition or thickness the spacer 
material, or changing the composition or thickness of the 
gate conductor. By producing a variety of devices having a 
variety of device characteristics on one or a few semicon- 
ductor wafers, a higher yield, lower cost process can be 
attained. 

[0035] The preferred mechanism for creating deliberate semi- 
conductor film variations to compensate for radial pro- 
cessing differences or determine optimal device charac- 
teristics is a Jet Vapor Deposition (JVD) tool. This tool, as 
is known in the art, allows a vapor to be deposited on the 
surface of anything that is within a certain distance from 
the end of a nozzle. Because of the various configurations 
of the JVD tool, wherein the surface may be moved trans- 
lationally or rotationally while the nozzle is moved trans- 
lationally, the JVD tool allows a variety of compositions 
(including multiple materials in a composition) to be ap- 
plied at any location on the semiconductor wafer. How- 
ever, the JVD tool is used differently in the current inven- 



tion than in the prior art. For example, in the prior art, the 
thickness of a semiconductor film is controlled such that 
the thickness is the same at all locations on semiconduc- 
tor wafer. Moreover, in the prior art, the composition of 
the semiconductor film is kept the same over all of the 
semiconductor wafer. Thus, in the prior art, it is important 
to maintain the same thickness and composition of the 
semiconductor wafer over the surface of the wafer. 

[0036] | n the current invention, however, the thickness and/or 
composition of the semiconductor film is changed based 
on radial distance from the center of the semiconductor 
wafer. This embodiment allows compensating for radial 
processing effects. Alternatively, the semiconductor film's 
thickness and/or composition is changed, preferably in 
stripes across the wafer, to create different devices on the 
same wafer. This embodiment allows many different de- 
vices to be created on the same wafer, thereby providing 
the ability to determine optimal device characteristics and 
providing enhanced yield and cycle time for low-volume 
production ASICs. 

[0037] Various embodiments of theJVD tool are described in the 
following, each of which is incorporated herein by refer- 
ence: Zhang, et al., Jet vapor deposition: A new, low cost 



metallization process, 1997 International Symposium on 
Microelectronics, pp. 146 - 149; Schmitt, Method and ap- 
paratus for the deposition of solid films of a material from 
a jet stream entraining the gaseous phase of said mate- 
rial, 4,788,082; Schmitt, et al., Method for microwave 
plasma assisted supersonic gas jet deposition of thin 
films, 5,356,672; Schmitt, et al., Evaporation system and 
method for gas jet deposition of thin film materials, 
5,356,673; Halpern, Jet vapor deposition of organic 
molecule guest-inorganic host thin films, 5,650,197; 
Halpern, Electron jet vapor deposition system, 5,571,332; 
and Zang, Jet vapor deposition of nonocluster embedded 
thin films. Any of the proceeding JVD tools may be used 
with the current invention. 
[0038] Turning now to FIG. 1, FIG. 1 is a block diagram of the 

preferred method for compensating for radial processing 
effects on a semiconductor wafer. Method 2000 is per- 
formed to reduce a known radial variation in a semicon- 
ductor film that is caused by performing a semiconductor 
processing step on the semiconductor film. Examples of 
known radial variations and their associated processing 
steps are uneven width of gates caused by the semicon- 
ductor processing step of etching, particularly Reactive 



Ion Etching (RIE), or uneven polishing of the semiconduc- 
tor wafer's surface during the semiconductor processing 
step of CMP. There can be several different techniques 
used to reduce these known radial variations caused by 
the semiconductor processing steps. These are explained 
below. 

[0039] Method 2000 begins in step 2010 when a semiconductor 
film is deposited at a first radius of the semiconductor 
wafer. Generally, this radius will be an inner radius to- 
wards the center of the semiconductor wafer, but first ra- 
dius may also be an outer radius towards the edge of the 
semiconductor wafer. The semiconductor film will be de- 
posited to a certain thickness. Alternatively, the semicon- 
ductor film will comprise a first composition. 

[0040] | n s tep 2020, the semiconductor film is deposited at a 

second radius of the semiconductor wafer. As previously 
discussed, this radius will usually be an outer radius to- 
wards the edge of the semiconductor wafer, but may be 
an inner radius. The semiconductor film at the second ra- 
dius will be deposited to a particular thickness. Alterna- 
tively, the semiconductor film will comprise a second 
composition. It is important that the semiconductor film 
at the first radius and the semiconductor film at the sec- 



ond radius be chosen to reduce the known radial variation 
caused by performing the semiconductor process step. 
[0041] jo reduce the variation, the thicknesses of the semicon- 
ductor film at the first and second radii may be different. 
For example, to reduce the known radial variation of un- 
even width gates due to the processing step of etching, 
the gate conductor stack may be made thicker at an outer 
radius and thinner at an inner radius. Alternatively, the 
composition of the gate conductor stack may be changed 
such that the semiconductor film at the outer radius re- 
sists etching more than the semiconductor film at the in- 
ner radius. Illustratively, the composition may be changed 
by changing the proportion of two materials that make up 
the composition. For instance, the gate conductor film 
could be tungsten silicide (WS^). To change the properties 
of the tungsten silicide, the ratio of the tungsten and sili- 
con could be varied, essentially creating a WSi x composi- 
tion. Higher silicon content should provide a higher etch 
rate, and this composition should be used in the gate 
conductor stack towards the outer radius of the semicon- 
ductor wafer. At inner radii of the semiconductor wafer, 
lower silicon (and correspondingly higher tungsten) could 
be added to decrease the etch rate. Thus, the proportions 



of these two materials could be changed between inner 
radii and outer radii to reduce the radial variation of un- 
even width of gates due to etching. 
[0042] The JVD tool allows two or more different materials to be 
mixed in an almost infinite variety of proportions. As ex- 
plained in reference to FIG. 5, a nozzle may be moved ra- 
dially relative to a spinning semiconductor wafer, and this 
allows composition and/or thicknesses to be radially var- 
ied. Additionally, generally more than one nozzle may be 
used to provide additional materials. Turning briefly to 
FIG. 6 in addition to FIG. 1, in FIG. 6 semiconductor wafer 
400 is shown with a plurality of locations 401 through 
410. In the example of FIG. 6, location 410 will normally 
be kept free of semiconductor films, and the center of 
semiconductor wafer 400 is also clear of films. When ad- 
justing thicknesses of a semiconductor film to reduce ra- 
dial variation due to a subsequent semiconductor pro- 
cessing step, different thicknesses may be placed at each 
of the locations 401 through 409, or 401 and 402 could 
have the same thickness of semiconductor film while 403 
and 404 will have the same thickness of semiconductor 
film, etc. 

[0043] | n s tep 2030, the semiconductor processing step that 



causes the known radial variation is performed on the 
semiconductor film. Because the semiconductor film has 
been radially adjusted, through adjusting the thickness 
and/or composition of the semiconductor film, there 
should be much less or no radial variation caused by the 
particular semiconductor processing step. 

[0044] Thus, method 2000 of FIG. 1 compensates for a known 
radial variation caused by a semiconductor processing 
step by radially varying the thickness and/or composition 
of a semiconductor film. 

[0045] Referring now to FIG. 2, preferred method is shown for 

determining optimal device characteristics and for provid- 
ing low production runs. Method 2100 is used during de- 
velopment stages and for the production of low volume 
products, such as some types of ASICs, and is designed to 
determine optimal semiconductor film thicknesses and 
compositions that determine optimal device characteris- 
tics. From this range of conditions, the desired optimized 
chips can be selected, allowing higher yields and lower 
cycle times than other methods. When producing chips for 
low production runs, such as ASIC runs from a small de- 
signer, it is generally unclear as to what device character- 
istics are needed for the devices that make up the chips. 



Currently, several wafers are completely processed, with 
each wafer having different device characteristics. This al- 
lows the small designer to choose the optimum chips for 
its application. However, this essentially creates quite a bit 
of waste for small production runs. 

[0046] with the current invention, different thicknesses and/or 
compositions of materials can be provided on the same 
wafer. The thicknesses and/or compositions are changed, 
preferably in stripes across the wafer. This provides for 
several different devices (and therefore the chips made of 
the devices) at various locations on the wafer. The small 
designer thus has quite a few different chips from which 
to choose, and yields are increased while cycle times are 
decreased. This is particularly true for very large wafer 
sizes, such as the 12 inch wafer sizes to which the semi- 
conductor industry is transferring. 

[0047] a s j S known in the art, semiconductor film thicknesses 

and compositions determine parameters of devices, which 
then determine device characteristics. For example, the 
thickness of the semiconductor film used for spacers will 
then determine the spacer width. For most CMOS gates, 
there are two different spacers. The first spacer is usually 
very thin (for instance, 10 nanometers). This relatively thin 



spacer, which is used to form diffusion extensions, de- 
fines the effective channel length, which affects the mea- 
surable device characteristic of performance (how fast the 
gate can respond to an input to create an appropriate 
output). A shorter effective channel length equates to 
higher current and higher performance. Thus, changing 
the parameter of thickness of this first spacer will change 
the measurable device characteristic of performance. Per- 
formance may be measured in terms of current per unit 
width of device, such as in current per nanometer or mi- 
crometer. 

[0048] Additionally, the first spacer's thickness also affects over- 
lap capacitance. Overlap capacitance is also related to the 
extent of diffusion allowed for dopant material in exten- 
sions. If the first spacer is very narrow and the diffusion 
occurs under the gate to a greater extent, then the over- 
lap capacitance will be higher. A higher overlap capaci- 
tance leads to lower performance. Again, changing the 
parameter of thickness of this first spacer will change the 
measurable device characteristic of performance. 

[0049] The second spacer is generally wider and deposited on the 
gate conductor after the first spacer. This spacer, al- 
though wider than the first spacer, should be narrow to 



optimize device series resistance, which will also optimize 
the measurable device characteristic of performance. 
Thinner second spacers cause less series resistance, 
which in turn causes higher performance. However, if this 
second spacer is too narrow, it will induce a short channel 
effect or a drain induced barrier lowering effect, both of 
which cause sub-threshold leakage. Higher leakage 
causes higher off-state or standby power consumption by 
the device (and, thus, by the chip that is made of devices). 
Thus, changing the parameter of thickness of the second 
spacer will change the measurable device characteristics 
of performance and power consumption. 

[0050] The gate dielectric thickness also generally affects perfor- 
mance. A thinner dielectric provides higher performance. 
If the dielectric is too thin, though, tunneling current 
through the gate dielectric will become significantly high 
(for dielectrics thinner than about 2 nanometers) to cause 
relatively high power consumption. Thus, changing the 
parameter of thickness of the gate dielectric will change 
the measurable device characteristics of performance and 
power consumption. 

[0051] G a te dielectric composition also affects performance. If a 
dielectric with a higher dielectric constant is used, a 



thicker gate dielectric may be used while maintaining de- 
vice performance. In this case, the thicker film may also 
provide less leakage (thereby providing less power con- 
sumption) by being thick enough to avoid tunneling leak- 
age through the dielectric. Alternatively, using a different 
composition of gate dielectric has the benefit of allowing 
thinner dielectric with the same performance or power 
consumption. As an example, for silicon oxynitride (SiNHD 
), by increasing the nitrogen (N) content, the effective di- 
electric thickness can be lowered. Thus, by changing the 
parameters of gate dielectric composition and/or thick- 
ness, one can change the measurable device characteris- 
tics of performance and power consumption. 
[0052] Method 2100 generally is used for small ASIC runs of one 
or a few semiconductor wafers through the processing 
stages, when is important to tune the device characteris- 
tics of devices and when it is important to achieve the op- 
timal device characteristics with a minimal loss of yield 
and cycle time. For example, when a company wishes to 
have a certain number of chips produced, it may not be 
known as to what semiconductor film thicknesses and 
compositions should be used to create devices meeting 
the company's specifications. In general, device parame- 



ters, such as effective channel length, overlap capacitance, 
leakage current, or series resistance, should be able to be 
at least partially determined from the design criteria of 
the devices on the chip. Such design criteria will include 
power, speed, or other requirements. Even though device 
parameters may be somewhat known through design cri- 
teria, these parameters are only ballpark figures and the 
parameters must be tuned for the particular semiconduc- 
tor processing materials and processes actually being 
used. Method 2100 allows tuning the thicknesses and 
compositions of semiconductor films, and allows a variety 
of chips to be created on one wafer. 
[0053] Method 2100 begins in step 2110 when a semiconductor 
film is deposited at a first location on the semiconductor 
wafer. The first location is to become part of a semicon- 
ductor device, after subsequent processing steps. The 
semiconductor film at the first location will have a partic- 
ular thickness and composition. In step 2120, the semi- 
conductor film is deposited at a second location on the 
semiconductor wafer. Again, the second location would 
become part of another semiconductor device, after sub- 
sequent processing steps. The semiconductor film at the 
second location will have a particular thickness and com- 



position, which may be different than the thickness and 
composition of the semiconductor film at the first loca- 
tion. 

[0054] For example, turning to FIG. 4 in addition to FIG. 2, FIG. 4 
shows a semiconductor wafer 200 having a plurality of lo- 
cations 201 through 215. Additionally, the semiconductor 
wafer has a left side 220, a middle 230, and a right side 
240. When changing the thickness or composition of the 
semiconductor film, a different thickness or composition 
can be used in location 201 than is used in location 202. 
Moreover, different thicknesses or compositions can be 
used at left side 220 of location 214 than is used at either 
middle 230 or right side 240 of location 214. Thus, it can 
be seen that one single wafer can have many different de- 
vices. This allows small runs of one or a few semiconduc- 
tor wafers, while providing sufficient product with opti- 
mum device characteristics, and optimizing product yield 
and cycle time. 

[0055] | n s tep 2130 of FIG. 2, the processing steps required to 
create devices are performed. As part of these processing 
steps, additional changes in subsequent semiconductor 
films" thicknesses or compositions may be made. 

[0056] when producing small batches of chips, such as ASICs, for 



small designers, it is generally not immediately known as 
to what the optimum device parameters are. By creating 
different devices on one wafer, a variety of devices can be 
made on one or several wafers, particularly with large 
wafer sizes. This allows the end user, the small designer, 
to test the devices and determine which devices have the 
appropriate characteristics for their chips. Subsequent 
steps in method 2100 could be performed by the semi- 
conductor manufacturer or by the end user. 
[0057] Once the devices have been created, then two or more 
semiconductor devices are selected from different loca- 
tions on the semiconductor wafer, with each location hav- 
ing a different thickness or composition of semiconductor 
film. Each of the device's device characteristics are deter- 
mined. This occurs in step 2140. For instance, a Comple- 
mentary Metal Oxide Semiconductor (CMOS) inverter's 
power consumption may be measured for devices at loca- 
tion 215 and location 203. The two power consumption 
measurements can be compared to determine which de- 
vice has the optimal device characteristic of power con- 
sumption, based on design criteria or input from the end 
user. This occurs in step 2150. By measuring a number of 
such devices, each having different thicknesses and/or 



compositions of semiconductor film that affect device pa- 
rameters and are expected to affect device characteristics, 
the optimal device characteristic may be determined. It 
should be noted that the optimal device characteristic is 
part of the design criteria, and testing of the different de- 
vices is made to determine which of the devices meets the 
optimal device characteristic. Once the best device is 
found, then the optimal thickness and/or composition of 
semiconductor film or films that comprise the device will 
be known. 

[0058] it should also be noted that there could be more than one 
optimal device characteristic, depending on the applica- 
tion. For example, different combinations of thicknesses 
or compositions of semiconductor layers could yield simi- 
lar power consumption. Furthermore, it is possible to test 
on a chip-by-chip basis instead of testing individual de- 
vices (inverters, AND gates, storage capacitors, etc.). For 
example, each chip could undergo power consumption 
testing at a certain speed. If the power consumption is too 
high, then the devices that make up the chip are not opti- 
mal. 

[0059] There is a predetermined optimal device characteristic 

that is based on design criteria for the particular semicon- 



ductor device. The device characteristics of several of the 
devices are compared to see which of the devices meets 
or comes closest to the predetermined optimal device 
characteristic (step 2150). It should be noted that none of 
the devices may actually meet or exceed the predeter- 
mined optimal device characteristic, but one device may 
come closest to the predetermined optimal device charac- 
teristic. This device would be considered to meet the pre- 
determined optimal device characteristic, as it comes 
closest to the optimal characteristic. 

[0060] Turning now to FIG. 3, a Jet Vapor Deposition tool is 

shown for determining optimal device characteristics for 
devices on wafer. JVD system 100 comprises a control 
system 151, two nozzles 120, 130, two tubes 112, 110, a 
platen 147, and a platen translational moving device 148. 
Platen translational moving device 148 moves platen 147 
along axes 170 and 160. It should also be noted that noz- 
zles 120 and 130 may be moved along axes 161 and 171, 
instead of having the platen move. 

[0061] Tubes 112 and 110 contain transport vapor, generally 
moving at a high velocity. Nozzles 120 and 130 further 
contain vapor sources 122 and 132 and nozzle openings 
150 and 140. Vapor sources 122 and 132 emit vapor 



species that are entrained in the transport vapor passing 
through nozzles 120, 130 and are emitted as jets 143, 
153. As is known, the jets then come into contact with the 
surface of semiconductor wafer 145 and deposit the vapor 
species. 

[0062] Control system 151 controls the amount of vapor species 
emanating from vapor sources 122 and 132, the flow rate 
of the transport vapor through tubes 110 and 112, and 
the movement of platen 147 through platen translational 
moving device 148. By increasing the dwell time of noz- 
zles 120, 130 over an area of the semiconductor wafer, a 
thicker film may be added. The dwell time is the time that 
a nozzle spends over an area when depositing a single 
semiconductor film, including the time spent over the area 
for multiple passes over the area. Nozzles 120 and 130 
may be made to change the composition of the semicon- 
ductor film by gradually changing materials in the compo- 
sition as the semiconductor film is deposited. A semicon- 
ductor film may also be deposited that comprises two dis- 
tinct layers of materials. Finally, grading of the film may 
be accomplished by depositing a first material and then, 
at a demarcation point, depositing a second material, and 
changing the demarcation point with increasing layers of 



the semiconductor film. A semiconductor film, as defined 
herein, will be a semiconductor film that serves a particu- 
lar purpose, regardless of the number of actual layers 
making the film. For example, gate conductors, gate con- 
ductor cap, spacers, gate dielectrics, and CMP stops are 
all examples of semiconductor films that serve a particular 
purpose. If the gate conductor comprises two separate 
layers, such as WSi x and polysilicon, the gate conductor 
film still serves to transport voltage to the gate. As an- 
other example, if the CMP stop comprises two layers of 
material, its purpose still is to stop the grinding of the 
semiconductor wafer. 
[0063] Generally, dwell time will be changed by moving platen 
147 slower or faster relative to nozzles 120 and 130, or 
vice versa. Current control systems are designed to main- 
tain an even thickness across the semiconductor wafer, 
and are primarily designed to maintain an even composi- 
tion across the semiconductor wafer. In the current inven- 
tion, thicknesses and compositions will be changed in 
varying locations on the semiconductor wafer. This will 
require minor modifications to the current control system. 
Additionally, the control system will have to modify vapor 
sources 122 and 132 on a per-swath or even inter-swath 



basis. 

[0064] Turning now to FIG. 4, the JVD system 100 of FIG. 3 may 
be used to create the swathes/locations 201 through 215 
on semiconductor wafer 200. Each location 201 through 
215 could have different thicknesses or compositions of a 
semiconductor film. These thicknesses or compositions 
should change parameters of devices made in one loca- 
tion, relative to devices made in other locations. These 
changes in parameters should cause corresponding 
changes in device characteristics. Additionally, each loca- 
tion/swath 210 through 215 could be graded or have dif- 
ferent thicknesses or compositions between the left side 
220, the middle 230, and the right side 240. This is par- 
ticularly true for locations 207, 208, and 209 which will be 
longer because they are near the center of the semicon- 
ductor wafer. 

[0065] with this variety of locations and the ability to change 
thicknesses, grading, or compositions across one of the 
swathes, many different semiconductor devices having 
different device characteristics may be made on one semi- 
conductor wafer. 

[0066] FIG. 5 shows a JVD tool 300 that can provide for rotational 
motion of the substrate. JVD tool 300 in this example 



comprises control system 351, nozzle 330, tube 312, 
platen 347, and rotating mechanism 385. Rotating mech- 
anism 385 in this example is coupled to platen 347 and 
rotates platen 347 about axes 390 in a manner indicated 
by 380. Semiconductor wafer 345 is attached to platen 
347. Nozzle 330 comprises a vapor source 332 and noz- 
zle opening 340. Tube 312 contains a transport vapor, 
generally moving at a high velocity. Vapor source 332 
emits a vapor species that is entrained in the transport 
vapor passing through nozzle 340 and the vapor species 
and transport vapor are emitted as jet 353. As is known, 
the jet then comes into contact with the surface of semi- 
conductor wafer 345 and deposits the vapor species. Al- 
though only one nozzle is shown, it will be beneficial to 
have multiple nozzles. 
[0067] The rotating mechanism 385 may be made to move in 

translational directions 373 and 372. In general, however, 
nozzle 330 will be scanned across the surface of the wafer 
in direction 371. Is also possible that nozzle 330 could 
move in direction 370. Because nozzle 330 can be 
scanned across the surface of the wafer and control sys- 
tem 351 controls the amount of vapor species in vapor 
source 332, JVD system 300 can create the semiconductor 



wafer as shown in FIG. 6. FIG. 6 shows that a variety of lo- 
cations 401 through 410 may have different thicknesses 
and/or compositions. These different thicknesses and/or 
compositions are chosen to reduce the radial effects 
caused by a subsequent semiconductor process step. This 
will be discussed more particularly in reference to upcom- 
ing figures. 

[0068] Turning now to FIG. 7, FIG. 7 shows a cross-sectional view 
of a semiconductor wafer 500 where a Field Effect Tran- 
sistor (FET) is to be created in locations 510, 520, and 
530. Location 510 in this example corresponds to location 
402 of FIG. 6; location 520 corresponds to location 405 of 
FIG. 6; and location 530 corresponds to location 409 of 
FIG. 6. Thus, location 510 is closest to the center of the 
semiconductor wafer, location 520 is approximately mid- 
way between the center and the outer edge of the semi- 
conductor wafer, and location 530 is near the outer edge 
of the semiconductor wafer. 

[0069] Substrate 501 has three wells 570 into which these FET 

devices will be created. Each wells 570 discovered with the 
gate conductor stack that comprises gate conductor 540 
over gate dielectric 580 and beneath gate cap 590. 

[0070] After a Reactive Ion Etch (RIE) is performed on semicon- 



ductor wafer 500, the prior art semiconductor wafer looks 
as it does in FIG. 8. This example shows that the gate 
conductor stack at location 510 is wider (having width 
610) than the gate conductor stack at location 620 
(having width 620), which is wider than the gate conduc- 
tor stack at location 530 (having width 630). The RIE 
etches the gate conductor stack towards the outer cir- 
cumference of the semiconductor wafer more than the 
gate conductor stack towards the inner circumference. 
This uneven radial etching is a known radial variation 
caused by the semiconductor processing step of RIE. 
[0071] Referring now to FIG. 9, a method step for compensating 
for the radial processing effect of uneven radial etching is 
shown. In this step, different gate conductor compositions 
are used at location 710, 720, and 730. Location 710 in 
this example corresponds to location 402 of FIG. 6, while 
location 720 corresponds to location 405 of FIG. 6, and 
location 730 corresponds to location 409 of FIG. 6. Illus- 
tratively, gate conductor 740, 750, and 760 is a semicon- 
ductor film having a composition of WS , with the W and 

ix 

Si in different proportions at each location. At location 
710, gate conductor 740 comprises a higher percentage 
of silicon than what the gate conductor layer has at loca- 



tions 750 and 760. Correspondingly, gate conductor 760 
contains a lower percentage of silicon than what the gate 
conductor contains at locations 750 and 760. The higher 
percentage of W in gate conductor 760 should reduce the 
radial effects of the RIE. 

[0072] Turning now to FIG. 10, a second method step is shown 
that compensates for the radial processing effect of un- 
even radial etching. In this embodiment, the gate conduc- 
tor stack at locations 1310, 1320, and 1330 has varying 
thicknesses. Again, location 1310 corresponds to location 
402 of FIG. 6, location 1320 corresponds to location 405 
of FIG. 6, and location 1330 corresponds to location 409 
of FIG. 6. To create these varying thicknesses, gate con- 
ductor film 1340 has a thickness 1360 at location 1310, 
thickness 1370 at location 1320, and thickness 1375 at 
location 1330. This increasing thickness with increasing 
radius from the center of the semiconductor wafer should 
reduce the radial effects caused by etching. 

[0073] | n FIG. 11, semiconductor wafer 800 is shown after etch- 
ing by RIE. For both embodiments where the composition 
(FIG. 9) is changed and the thickness (FIG. 10) is changed 
with radial location, the resultant gates at locations 710 
(corresponding to location 1310), 720 (corresponding to 



location 1320), and 730 (corresponding to location 1330) 
should be the same width 810. Without changing the 
composition or thickness of one of the gate conductor 
stack films, the prior art result of FIG. 8 would be reached. 
[0074] Turning now to FIG. 12, FIG. 12 illustrates a prior art 
method step after etching to create gates at locations 
510,520, and 530. Additionally, a thin spacer 980 (shown 
larger than its relative size for clarity) has been grown on 
the gate conductor stack, and extensions 910 have been 
doped. Finally, a layer 930 of spacer material has been 
deposited to an even thickness 920 across the semicon- 
ductor wafer 900. Turning now to FIG. 13, a prior art 
method step is shown after etching of spacer material 930 
and doping of source/drain areas 1020. Because spacer 
material 930 was added to the same thickness at locations 
510, 520, and 530, each gate is still has different widths 
610, 620, and 630. The channel length for each gate and 
510,520, and 530 is different because of the prior art's 
radial etching. 

[0075] | n the current invention, the semiconductor film may be 
added to different thicknesses at different radial locations 
on the semiconductor wafer. For example, turning to FIG. 
14, semiconductor film 1130 (which will become spacers) 



is deposited to thickness 1120 at location 510, to a 
greater thickness 1150 at location 520, into an even 
greater thickness 1160 at location 530. Again, location 
510 corresponds to location 402 of FIG. 6, while location 
520 corresponds to location 405 of FIG. 6 and location 
530 corresponds to location 409 of FIG. 6. Small sidewall 
spacers 980 (which are shown larger than their normal 
relative size) have been grown/deposited and extensions 
910 have been doped. Turning now to FIG. 15, semicon- 
ductor wafer 1200 is shown after semiconductor film 
1130 has been etched and source/drain locations 1020 
have been doped. 
[0076] As FIG. 15 illustrates, depositing less spacer film 1130 at 
location 510, more spacer film 1130 at location 520, and 
quite a bit more spacer film at location 530 should reduce 
the radial effects of etching by creating the same width 
1210 gates. Even though the gate conductor stack will 
have different widths, caused by etching, at locations 610, 
620, and 630, each gate will be the same width 1210 be- 
cause of the varying spacer film thicknesses 1250, 1260, 
and 1270. 

[0077] Referring now to FIG. 16, FIG. 16 shows semiconductor 

wafer 1400 with gates at locations 1410, 1420, and 1430. 



In this example, location 1410 corresponds to location 
201 of FIG. 4, while location 1420 corresponds to location 
207 of FIG. 4 in location 1430 corresponds to location 
213 of FIG. 4. In this example, the versatility of using JVD 
tool (such as JVD tool 100 of FIG. 3) to determine optimal 
device characteristics is shown. The gates at locations 
1410, 1420, and 1430 have gate dielectrics 1480, 1482, 
and 1483, gate conductors 1440, 1450, 1460, gate con- 
ductor caps 1490, thin gate spacers 1492, and larger gate 
spacers 1473, 1472, and 1471. Additionally, extensions 
1495 and source/drain areas 1497 have been doped. 
[0078] Although not shown on FIG. 16, the spacers 1471, 1472, 
1473, and 1492 and the elements 1480, 1440, 1490 of 
the gate conductor stack may be deposited by a JVD tool 
in different thicknesses. By having a wide variety of com- 
positions and thicknesses for gate conductors, gate spac- 
ers, and gate dielectrics, many devices with many different 
device characteristics may be created. One or more of 
these devices may meet or exceed the optimal device 
characteristics that have been predetermined and based 
on design criteria. To determine if the semiconductor de- 
vice meets or exceeds the predetermined optimal charac- 
teristic, it is necessary to measure a device characteristic 



of many of the devices and compare each of the device's 
measured device characteristic versus the predetermined 
optimal device characteristic. FIG. 16 shows that many de- 
vices may be created on one semiconductor wafer. This 
uses less semiconductor wafers and many fewer process- 
ing steps than the normal method of creating small 
batches of test runs or exemplary chipsets, which are nor- 
mally changed by using photolithography steps. 
[0079] Turning now to FIG. 17, the 17 shows a prior art method 
wherein a CMP stop layer 1635 covers a substrate 1670 as 
part of a substrate 501. Semiconductor wafer 1600 fur- 
ther has photoresist layer 1640 that has been patterned to 
uncover Shallow Trench Isolation (STI) regions 1660. Lo- 
cation 1610 corresponds in this example to location 403 
of FIG. 6, location 1620 corresponds to location 406 of 
FIG. 6 and location 1630 corresponds to location 409 of 
FIG. 6. An etchant has been used to create deep wells 
1660 that will become STI regions. Referring now to FIG. 
18, FIG. 18 shows the prior art method step after the 
semiconductor wafer 1600 has been subjected to several 
more processing steps. In particular, photoresist layer 
1640 has been removed, and an oxide layer 1720 has 
been thermally grown in the STI regions 1660. Another 



oxide layer 1780 has been added over the entire surface 
of semiconductor wafer 1600. CMP has been performed, 
and this semiconductor processing step has created the 
radial variation shown in FIG. 18. In this example, it is 
known that CMP will polish areas near the outer circum- 
ference of the semiconductor wafer more than areas near 
the center of semiconductor wafer. 
[0080] FIG. 18 illustrates this principle, because location 1610 
still has CMP stop material 1635 at a thickness of 1710, 
while location 1620 has CMP stop material 1635 to a 
thickness 1730, and location 1630 has no CMP stop ma- 
terial. FIG. 18 also shows that STI material 1780 is 
scooped out of location 1660 because STI material 1780 
is more easily removed than stop material 1635 or sub- 
strate 1720. 

[0081] There are several ways of attacking the problem illus- 
trated by FIGS. 17 and 18. FIG. 19 illustrates one way of 
attacking this problem. In FIG. 19, CMP stop film 1835 is 
radially varied in thickness. Thickness 1861 is less than 
thickness 1862, which is itself less than thickness 1863. 
In this manner, the outer radii will have more CMP stop on 
them than will the inner radii. This should reduce the ra- 
dial effects caused by CMP. 



[0082] FIG. 20 shows in another way of attacking this problem. In 
FIG. 20, the composition of the CMP stop material is radi- 
ally varied. For example, in location 1610, CMP stop ma- 
terial 1910 is used, while in location 1620 CMP stop ma- 
terial 1930 is used, and in location 1630 CMP stop mate- 
rial 1940 is used. For example, if silicon nitride is been 
used as a CMP stop, the percentage of silicon could be ra- 
dially varied at locations 1610, 1620, and 1630. For some 
polish processes, especially those that rely on abrasion 
rather than primarily on chemical means, the higher the 
percentage of silicon, the faster the polishing rate, which 
means that more silicon would be added towards the cen- 
ter of the wafer than at the outer radii of the wafer. Alter- 
natively, silicon oxide can be added to the silicon nitride 
in CMP stop materials. The higher silicon oxide content 
would provide a higher polish rate. The areas that polish 
faster (such as location 1630) could be coated with silicon 
nitride, and areas that polish slower (such as location 
1610) could be coated with an appropriate mixture of sili- 
con oxide and silicon nitride. 

[0083] As a third method of attacking this problem, which is to 
have the CMP stop material be left the same thickness ev- 
erywhere on the wafer after CMP, the silicon oxide fill 



could be increased in thickness with increasing radial dis- 
tance from the center of the semiconductor wafer. FIG. 21 
shows this embodiment. In FIG. 21, CMP stop material 
2140 is the same thickness 2130 at all locations on the 
wafer. Silicon oxide fill 2150 is different thicknesses de- 
pending on the radial location. In this example, silicon 
oxide fill 2150 has thickness 2125 at location 1610 
(where there is a slower polishing rate), a greater thick- 
ness 2155 at location 1620 (where there is a slightly 
higher polishing rate), an even greater thickness 2165 at 
location 1630 (which has the highest polishing rate). 

[0084] Each of the methods of attacking this problem, as shown 
in FIGS. 19, 20, and 21, should result in even polishing of 
the semiconductor wafer and, in particular, the CMP stop 
semiconductor film or silicon oxide fill. This is shown in 
FIG. 22, where the thicknesses 2010 of stop material 1910 
or 1835 are all the same. 

[0085] Thus, the preferred embodiments capitalize on the use of 
aJVD tool to compensate for radial processing effects 
caused by a radial processing step, to determine optimal 
device characteristics, or to produce a variety of devices 
for small volume production. Various changes in form and 
details may be made herein without departing from the 



spirit and scope of the invention. Moreover, an order to 
method claims is not to be implied, unless an order is 
necessary. 



